We have shown that PBHs can be formed in the matter-dominated era if gravity is described by Brans-Dicke theory. Considering an early matterdominated era in between inflation and reheating, we found that the PBHs which are formed during this era lives longer than the standard case where PBHs are formed in early radiation-dominated era. Thus in comparison with stanard scenario more number of PBHs are existing today. Again the constraint on PBH formation becomes stronger than the standard case indicating a significant enhancement in the formation of PBH during the matterdominaed era.
Introduction
Assuming Gravitational constant(G) as a time independent quantity Einstein proposed General Theory of Relativity(GTR) [1] in 1916. As the extensions of GTR, many scalar tensor theories have been developed by considering G as a time dependent quantity. Among them Brans-Dicke(BD) theory [2] is the simplest one. In BD theory the gravitational constant is set by the inverse of a time dependent scalar field which couples to gravity with coupling parameter ω. GTR can be recovered from BD theory in the limit ω → ∞ [3] . BD theory has an important property that it gives simple expanding solutions [4] for scalar field φ(t) and scale factor a(t) which are compatible with solar system observations [5] . Again BD theory is sucessful in explaining many cosmological phenomena such as inflation [6] , early and late time behaviour of the Universe [7] , cosmic acceleration and structure formation [8] , cosmic acceleration and coincidence problem [9] etc.
It was first predicted by Zeldovich and Novikov [10] in 1967 and later by Hawking [11] in 1971 that black holes could be formed in the early Universe which are known as Primordial Black Holes (PBHs). PBHs may be formed as a result of density fluctuation [12] , inflation [13] , phase transition [14] , bubble collision [15] etc. These black holes are of special interest because these are the only black holes whose masses could be small enough to have evaporated by the present epoch as a result of quantum emission [16] . Again PBHs could act as seeds for structure formation [17] and could also form a significant component of dark matter [18] .
From standard Cosmology [19] , we know that the Universe is radiation-dominated just after inflation and it becomes matter-dominated much later. So PBHs were expected to be only formed in radiation-dominated era. But the detailed analysis [20] of the probability of the PBH formation at the matter-dominated era shows it's strong enhancement as compared to the case of radiation-dominated era. Combining both the ideas, it has been conjectured that there may be an early matter-dominated era [21] in between the end of the inflation and reheating where PBH could be formed. It is, therefore, an open and interesting problem to investigate PBH formation and evolution in matter-dominated era within the context of BD theory, although a number of similar studies have been done in radiation-dominated era [22] [23] [24] . In this work, we have undertaken the analysis in BD theory and show that PBHs can indeed be formed in early matter-dominated era. We have also studied how it affects constraints and evaporation time of PBHs.
PBH in matter-dominated era
The gravitational field equations for a spatially flat FRW Universe with scale factor 'a' described by BD Theory arė
The wave equation for BD scalar field is
Using above three equations and the perfect fluid equation of state p = γρ, energy conservation equation can be written aṡ
For matter-dominated era p = 0 leading to γ = 0 . Barrow and Carr [22] have found that for matter-dominated era, the solutions of above equations are
where t 0 is the present time, G 0 is the present value of G and n = 2 4+3ω
. Observations [25] give |ω| ≥ 10 4 . Taking |ω| = 10 4 , we found n ≈ −0.00007 . Integrating equation (4), one gets
which in conjuction with equation (5) leads to
Now we are going to discuss about the PBH formation in matter-dominated era [20] . We consider that the density fluctuation is responsible for forming PBHs [20] in matter dominated era. This density fluctuation grows to a sufficiently homogeneous and isotropic configuration which separates itself from cosmological expansion and contracts within it's gravitational radius. Let t 1 be the time when contraction starts r 1 be the size of the configuration at time t 1 S be the deviation of configuration from the spherical form at time t 1 u be the inhomogeneity of the density distribution inside the configuration i.e. u ∼ δρ 1 ρ 1 and ρ 1 be the mean cosmological density at time t 1 . So
The mean density of the primordial black holes formed as the result of contraction is
where x = rg r 1 = 2ρ 1 Gt 2 1 . Here r g = 2GM is the gravitational radius of considered configuration . So
The maximal density which may be reached in the contraction of non-spherical configuration is given by
In order to form the black hole the configuration should be nearly spherically symmetric. i.e.
The upperbound x < 1, in conjuction with the negative value of n gives
Since t 1 < t BH , we can write
where ǫ is a very small quantity. Thus equation (13) gives
But 1 |n| > 10 4 , 1 ǫ > 1 and
10 4 >> t 0 . The sufficient condition for the PBH formation imposes constraint on the inhomogeneity of the density distribution of the configuration at time t BH in the form
which is also satisfied in our case. We thus arrive at the conclusion that PBHs can be formed in the matter-dominated era in the BD theory. We now move on to consider the formation of PBH in early matter-dominated era which is sandwiched between the epochs of inflation and reheating and their characteristics.
PBH evaporation
Due to Hawking evaporation, the rate at which the PBH mass decreases is given bẏ
where r BH ∼ black hole radius=2GM a H ∼ black body constant T BH ∼ Hawking temperature=
But for radiation-dominated era [22] ,
n . If early matter-dominated era exists upto t 2 , then the evaporation equation becomes
t e =end of the radiation-dominated era and t 2 =reheating time . But for standard scenario, where PBHs are formed in early radiation-dominated era, evaporating equation becomes
(In our calculation, we have used t e ≈ 10 11 s and t 2 ≈ 10 −22 s .) For different initial time t i , the solutions of equation (18) and (19) are shown in the Table-1. It is cleared from 
Constraints on PBH
For early radiation-dominated era, the probability of a region of mass M forming a PBH [26] is where the primordial fluctuation have a Gaussian distribution with r.m.s. amplitude δ(M) which is implicitly given by [27] δ(M) < 0.2 31 − log 10 ( M 10 15 g ) Table- But presently evaporating PBHs generate a γ -ray background whose most of the energy appears at around 100 Mev [29] . This changes the critical density by a factor of 10 −8 which modifies δ(M) as
Again M * ≈ 2.367 × 10 15 g . So δ(M * ) < 0.03218 which gives β 0 (M * ) < 1.616×10 −25 and β(M * ) < 3.3323×10 −25 . These values are consistent with previous results [30] .
Conclusions
We have shown that PBHs can be formed in matter-dominated era of cosmic evolution with gravity described by BD theory. For realisation of our result, we consider an early matter-dominaed era in between inflation and reheating. We found that the evaporation period of these PBHs are longer than that predicted in the standard scenario where the PBHs are formed in early radiation-dominated era. Thus more number of PBHs are existing today than the standard scenario. Again the constraint on PBH formation becomes more stringent compared with that of standard scenario which provides a strong evidence for the enhancement of PBH formation in matter-dominated era than the radiation-dominated era. It may be recalled that in matter-dominated phase, cosmic matter remains in a nearly zero pressure state. Absence of an opposing force to gravitational pull, thus, increases the probability of PBH formation in this era. Our work presents an application of BD theory, a viable alternate theory of gravity, to yet another physical problem in addition to the various ones mentioned in the introduction.
